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ABSTRACT
Reed-type valves are used to control the suction and discharge processes in small reciprocating compressors.
Simulation models adopted in the preliminary design of such compressors usually employ the concepts of effective
force and flow areas to characterize valve performance. These parameters are evaluated considering steady flow
through the valve port, and hence neglecting flow inertia in the opening and closing stages of the valve motion.
Moreover, both effective areas are also considered not to be affected by the presence of ba ckflow. This paper presents
a numerical study about the effect of flow inertia and backflow on the effective flow and force areas of valves of a
small reciprocating compressor, with a finite element model developed to predict valve dynamics. The results sh ow
that the effective force area must be evaluated separately for conditions of normal flow and backflow and that flow
inertia can significantly affect backflow in the valve.

1. INTRODUCTION
The correct prediction of valve dynamics in reciprocating compressors is fundamental to characterize the mass flow
rate of gas in the suction and discharge processes and assess reliability issues . Backflow and impact velocity are
examples of phenomena that are greatly affected by the accurate prediction of these gas flows. Different models with
different levels of complexity, accuracy and computational cost are available to determine the mass flow rate of gas
during the suction and discharge stages.
In lumped simulation models of reciprocating refrigeration compressors, thermodynamic properties are estimated
using mass and energy balances in the compression chamber. Instantaneous mass flow rates through the valves
necessary in these balances are evaluated with reference to steady-isentropic compressible flow through a converging
nozzle. As indicated in Equation (1), the actual mass flow rate is obtained by correcting the theoretical mass flow rate
via the effective flow area, 𝐴𝐸𝐸 , which must be previously evaluated.
2

𝛾+1
𝛾

2𝛾
𝑝 𝛾
𝑝
√( 𝑑 ) − ( 𝑑 )
𝑚̇ = 𝐴𝐸𝐸 𝑝𝑢 √
𝑅 𝑇𝑢 (𝛾 − 1)
𝑝𝑢
𝑝𝑢

(1)

Although being commonly used to estimate the mass flow rate through the valves, Equation (1) does not consider
inertial effects associated with the flow. Lehmkuhl et al. (2013) proposed an alternative approach to account for fluid
flow effect, as shown in Equation (2), aiming to increase the accuracy of prediction of mass flow rates through the
valves.
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Link and Deschamps (2010) analyzed the inertia effects on the mass flow rate through valves and orifices via CFD
simulations. The authors showed that different mass flow rates can occur for the same pressure difference acting on
the flow through the valve as a function of the flow inertia magnitude. In fact, the authors observed even flows in the
opposite direction to the pressure gradient, highlighting the importance of inertia effects. Subsequently, Link and
Deschamps (2011) evaluated effective flow and force areas taking inertia effects into account and observed significant
differences mainly when the valve is near closing. On the other hand, the results showed that flow inertia has only a
minor impact on effective force area. For the particular compressor studied, the authors showed a reduction of 5.4%
in backflow prediction when the flow through the valves is modeled considering inertia effect s.
Wu and Wang (2014) solved valve dynamics using a FSI simulation model. The authors observed backflow can occur
in the suction valve due to delayed closure when the piston reaches bottom dead center, and the same phenomenon
may take place in the discharge valve when the piston reaches top dead center. The authors pointed out that backflow
in the discharge process is more detrimental to compressor performance, since the high-density fluid in the discharge
chamber can significantly reduce the compressor mass flow rate even for a short time interval of backflow.
This paper explores different approaches developed for lumped simulation models, aiming to improve the accuracy
of backflow and valve impact velocity predictions that are required to assess the compressor efficiency and reliability.
Fluid inertia effects are modelled with the inclusion of a transient term in the mass flow rate equation and the effective
force areas are evaluated separately for the conditions of normal flow and backflow via CFD simulations.

2. METHODOLOGY
2.1 Compressor Model
The compressor simulation model adopted in the present study is based on lumped formulations of the mass and
energy conservation equations in the compression chamber together with an equation of state for the gas (Silva et al.,
2012). In order to model the mass flow rate through the valves, two approaches are adopted. Initially, the standard
concepts of effective flow and force areas are adopted to characterize mass flow rate and flow induced force for normal
flow and backflow conditions. Then, based on Equation (2), Equation (3) is proposed in order to add fluid flow inertia
effect on predictions of mass flow rate. This equation includes the effect of viscous friction through the coefficient 𝐶𝑐 .
Similarly to the effective areas, the coefficient 𝐶𝑐 is a function of the valve opening and was determined from CFD
simulations for steady flow condition.
𝑙
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The first term on the right-hand side of Equation (3) is the flow driving force due to the pressure difference acting on
the valve. The second term is the momentum flow corrected by the coefficient 𝐶𝑐 . The term on the left-hand side
represents the fluid flow inertia and is proportional to the length of the valve orifice, 𝑙.
The compressible, pulsating flow in the discharge and suction mufflers are solved with the finite volume method for
one dimensional formulation (Deschamps et al, 2002). Valve dynamics are modeled with the finite element model
described in Silva et al. (2012), but with trapezoidal beam elements for valve discretization. This model takes into
account more than one mode of vibration and hence it is more accurate to predict the valve impact velocity.
Considering an explicit time discretization, the following equation for the valve dynamics was obtained:
1
1
1
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The terms [ 𝑀] , [ 𝐶 ], [ 𝐾] and [ 𝐷] are respectively: the mass, damping, stiffness and displacement matrices. In order to
avoid stability problems in the solution of Equation (4), the criterion presented by Cook et al. (1989) must be respected.
This criterion determines the largest stable time step, Δ𝑡, as a function of the natural frequency of the valve, 𝜔, i.e.:
Δ𝑡 ≤

2
𝜔
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2.2 Flow Coefficients Determination
The effective areas and the coefficient (𝐶𝑐 ) were obtained from CFD flow simulations for different valve positions.
The solution domain and boundary conditions adopted in the simulation for the discharge valve is shown in Figure 1.
As can be seen, symmetry boundary condition is adopted at the middle plane of the geometry and pressure boundary
conditions are prescribed at the discharge and compression chambers. Simulations for backflow conditions are carried
out by changing the signal of the pressure difference acting on the valve. A similar procedure is employed for the
suction valve.

Figure 1: Solution domain and boundary conditions.

3. RESULTS
3.1 Effective Areas for Normal Flow and Backflow Conditions
In most studies adopting lumped modeling of the compression cycle the same correlations for effective flow and force
areas are used for normal flow and backflow conditions, but with a correction factor for the effective flow area in the
case of backflow condition. In this section effective flow areas are evaluated independently for normal flow and
backflow conditions and their impact on compressor simulation is assessed. The results obtained for suction valve are
shown in Figure 2.
Figure 2 shows that the difference between effective flow areas for normal flow and backflow is small, but the same
is not true for the effective force area. Considering the normal flow, the effective force area after the valve opening is
reduced due to the high-speed flow between the valve and the seat, originating a low-pressure region. For the backflow
condition, in addition to the low-pressure region there is also the effect of the inverted pressure difference of the
boundary condition. Both effects add up and for this reason the effective force area is considerably increased.
The compressor simulation model was used to evaluate the effect of adopting different effective areas for normal flow
and backflow conditions. In this simulation a discharge valve with circular orifice from a compressor with a
displacement of 9.2 cm³ is considered. The compressor operates at 4500 rpm with isobutane (R600a) and the
evaporating and condensing temperatures were set to -23.3 °C and 38 °C, respectively. Results for valve displacement
and mass flow rate are shown in Figures 3 and 4. As can be seen, the use of different correlations of effective areas
for normal flow and backflow (2-way) brings about early closing of the valve, reducing backflow, in comparison to
the standard approach of a single correlation for the effective area (1-way). The change in the compressor mass flow
rate was only 0.5%, but the impact velocity was increased by 15%.
In order to extend this analysis, the effect of using independent effective areas for normal flow and backflow conditions
was evaluated for different evaporating and condensing temperatures , keeping the compressor speed at 4500 rpm.
Table 1 shows that the impact velocity is increased by up to almost 19% when the effective areas are independently
defined for normal and backflow conditions . This analysis shows the importance of correctly assessing the effective
areas for both flow conditions in order to properly predict backflow and the impact velocity of the valve against its
seat.
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Figure 2: Effective force and flow areas for normal and backflow conditions.

Figure 3: Discharge valve opening.

Figure 4: M ass flow rate in the discharge valve.

Table 1: Effect of modified AEF on the valve impact velocity.

65
55
Condensing
45
Temperature [°C]
35
25

Evaporating Temperature [°C]
-40
-25
-10
5
20
16.8% 16.7% 17.4% 18.8%
16.5% 16.5% 16.5% 16.3%
17.5% 15.8% 18.1% 17.2% 17.5%
15.9% 16.6% 15.3% 16.0% 16.0%
15.4% 14.9% 16.0% 15.4% 15.4%

3.2 Fluid Flow Inertia Effects
In this section the effects of the inertia term in the mass flow rate equation are analyzed. Values for the coefficient 𝐶𝑐
of Equation (3) were obtained as a function of valve opening (Figure 5) following the same simulation procedure used
for effective areas. As can be seen in Figure 5, the values of 𝐶𝑐 are similar for normal flow and backflow conditions.
Therefore, it was possible to adopt a single expression for the average value of 𝐶𝑐 for both conditions.
In order to assess the effects of the transient term, simulations were carried out for the same compressor with
evaporating and condensing temperatures of -25 °C and 40 °C, respectively. Figure 6 shows the mass flow rates
through the discharge valve obtained using Equation 3 with and without the inertia term. It is seen that the mass flow
rate for the backflow condition is significantly reduced when the inertia term is taken into account, since fluid inertia
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does not allow the flow to instantaneously change its orientation when the pressure difference is inverted. This result
is in agreement with the findings of Link and Deschamps (2010).
Simulations were carried out with different operating conditions for further analysis. The condensing temperature was
kept at 40°C and the evaporating temperature was varied between -35 °C and 25 °C. Table 2 shows the results for
reduction in the compressor mass flow rate due to backflow in comparison to the reference condition without
backflow. As can be seen, backflow significantly affects the mass flow rate and hence has to be accurately predicted.
In this respect, the inclusion of inertia effects in the model for the mass flow rate through the valves is mandatory. On
the other hand, as indicated by Link and Deschamps (2011), the effective force area is not significantly changed by
fluid flow inertia and therefore no modelling of this aspect is required.

Figure 5: Coefficient 𝑪𝒄 .

Figure 6: M ass flow rate in the discharge process.

Table 2 – Reduction of mass flow rate due to backflow with and without fluid flow inertia effect.

Evaporating
temperature [°C]
-35
-20
-5
10
25

𝛥𝑚̇
without inertia effect
- 25.5%
- 11.8%
- 5.9%
- 3.8%
- 2.7%

𝛥𝑚̇
with inertia effect
- 13.0%
- 6.6%
- 3.2%
- 2.0%
- 1.4%

Difference
12.5%
5.2%
2.7%
1.8%
1.3%

3.3 Experimental validation
Due to the reduced size of domestic refrigeration compressors it is not possible to make the necessary instrumentation
to evaluate instantaneous mass flow rate through the valves in the suction and discharges processes. Therefore, the
backflow was estimated from the p-V diagram with reference to the difference between the theoretical final volume
of an adiabatic expansion from top dead center to the suction pressure and the actual final volume indicated in the
diagram. The volume difference found is then multiplied by the gas density in the suction line. Since discharge
backflow is more critical for compressor performance (Wu and Wang, 2014) the validation was only analyzed for
backflow in the discharge valve.
The p-V diagram was measured with a piezoelectric pressure sensor connected to the compression chamber through
a small channel near the valve plate. The piston position was obtained with an inductive transducer. The compressor
adopted in the measurements had a displacement of 11 cm³ and operated at 3000 rpm with isobutane (R600a). Differen t
evaporating (-40°C to 20°C) and condensing temperatures (35°C to 65°C) were considered. Figures 8 and 9 show
comparisons between experimental and numerical results of p-V diagrams for two conditions with high backflow.
Numerical results were obtained considering inertia effects by adopting Equation (3) to model the flow through the
valves.
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Figure 7: Indicator diagram in the presence of backflow.

Figure 8: -20/55 °C p-V diagram.

Figure 9: -30/45 °C p-V diagram.

Table 3 presents the experimental estimates for backflow through the compressor discharge valve and the percentage
differences of predictions obtained with the model proposed herein and with a single -degree-of-freedom model
(SDOF) without the additional term for fluid flow inertia. Good agreement between numerical and experimental data
was found for the conditions of (-10 °C / 55 °C) and (-30 °C / 45 °C), but the same was not found for the other two
conditions. However, one can clearly see that the proposed model is able to predict backflow more accurately than the
SDOF model.
Table 3: M ass flow rate associated with backflow in the discharge valve.

Operating condition
-10°C/55°C
-20°C/55°C
-30°C/45°C
-40°C/35°C

Exp. Estimate of
backflow [g/h]
1.16
6.74
4.28
2.34

×
×
×
×

10 −3
10 −4
10 −4
10 −4

Difference
(present model)

Difference
(1DOF model)

5.1%
-30.2%
-5.0%
-49.6%

-3.4%
-42.6%
-44.9%
-53.9%

6. CONCLUSION
Simulation models of reciprocating compressors commonly adopt the concepts of effective force and flow areas to
characterize valve performance. These parameters are evaluated for steady flow condition and hence neglecting fluid
flow inertia in the opening and closing stages of the valve motion. Moreover, such effective areas are usually
developed for normal flow condition and may not be suitable for backflow. This paper presented a study about the
effect of flow inertia and backflow on the effective flow and force areas. Considering the compressor chosen for the
analysis, we found that the valve impact velocity was increased by up to almost 19% when different effective force
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areas were used for normal flow and backflow conditions. It was also observed that the inclusion of inertia terms in
the equation for the mass flow rate through the valves is important to predict backflow. In fact, backflow can be
overestimated by up to 100% when fluid flow inertia effects are neglected.

NOMENCLATURE
𝑚̇

Mass flow rate

(kg/s)

𝐴𝐸𝐸

Effective flow area
Pressure
Ratio of specific heats
Gas constant

(m²)
(Pa)
(-)
(J.kg/K)

Temperature
Area
Flow velocity
Pressure ratio
Orifice length

(K)
(m²)
(m/s)
(-)
(m)

Time
Correction coefficient
Equivalent mass matrix
Equivalent damping matrix
Equivalent stiffness matrix

(s)
(-)
(kg)
(Pa.s)
(N/m)

Displacement matrix
Force matrix
Coefficient of performance

(m)
(N)
(-)

𝑝
𝛾
𝑅
𝑇
𝐴
𝜈
𝛱
𝑙
𝑡
𝐶𝑐
[𝑀]
[𝐶]
[𝐾]
[𝐷]
[𝐹]
𝐶𝑂𝑃
Subscript
𝑢
𝑑
𝑜

upstream
downstream
discharge/suction orifice
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